Abstract. A nonlinear collislonal-radiative model is used for a non-equilibrium, stationary argon plasma. The model includes three atomic energy levels: the ground level, one excited level and the continuum. A Maxwellian electron energy distribution function is also assumed. The model is solved for the electron and excited atom densities in two plasma regimes; with and without diffusion losses. A linear stability analysis is performed for both regimes. The maintenance electric field intensity and the average power loss per electron are obtained as a function of the electron number density for high-frequency discharges. The results of the calculations are discussed in a low (0.28, 1.1 and 2.8 Torr) and an intermediate 
Introduction
In recent years, the interest in high-frequency (HF) discharges has been renewed. HF discharges (including radio-and microwave-frequency discharges) have been widely studied since 1940. Over the past 20 years, a new branch in the field of HF discharges, namely that of discharges sustained by surface wave propagation, has been extensively developed [l-31. Present applications of these discharges include such important areas as materials processing, analytical chemistry, spectroscopy, laser engineering and metastable beam sources, to name only a few. This type of discharge has the possibility of creating plasmas over extremely Large ranges of variation in the characteristics both of the discharge and of the wave. An additional advantage of these discharges is their comprehensive modelling, which has led to significant advances in the understanding of HF plasmas in general [3].
Under steady-state conditions, the electron density of surface wave plasma columns decreases away from the wave launcher as a function of the axial position (z coordinate). The longitudinal gradient of the electron density is one of the basic characteristics of surface wave plasmas. This gradient is connected with the axial decrease of the surface wave axial power flux as the wave moves away from the launcher, losing power to the discharge that it sustains. Surface wave propagation characteristics and the axial distribution of plasma density are inter-related.
Theoretical models for HF gaseous discharges have been recently elaborated (for a survey, see [2,31). These 0022-3727/95/091888+15$19.50 0 1995 IOP Publishing Ltd models can he classified into two categories: 'wave-type models', in which the focus is on the wave behaviour and its influence on the discharge; and 'discharge-type models', in which the focus is on the plasma parameters and the discharge similarity laws.
For high to intermediate pressures, a simplified model (the discharge-type model) including the effects of stepwise ionization and dissociative electron-ion recombination has been proposed 141. Here, the inclusion of these effects, in a self-consistent form, gives rise to a very complex problem. This problem can be solved assuming that the electron density and the electric field are radially constant and equal to their average values. Now the plasma and the field equations are no longer coupled, and it becomes possible to replace the plasma equations by a simplified discharge ionization-loss balance equation that, when charged particles are mainly lost to the wall, reads where vi is the ionization coefficient, (() denotes an average over the electron energy distribution function (EEDF)), D,, is an effective diffusion coefficient and L D is a characteristic diffusion length for infinite cylindrical geometry [5,6]. When the axial energy transport is neglected, a solution is obtained by considering that the electron temperature, Te, is constant along the plasma column, T&) = constant. Moreover, it is possible to obtain, from an electron energy balance, that the maintenance electric field intensity, E , remains constant along the plasma column. The purpose of this work is to describe the surface wave plasma characteristics using a discharge-type model. A simple collisional-radiative model of an argon plasma will allow us to obtain a quantitative, microscopic and analytic approach to determine the electron and excited atom densities (ne and np respectively) in a non-equilibrium, steady-state argon discharge at low and medium gas pressure ranges. A three-level atomic model (TLAM) is used for argon, since this eliminates the need for cross sections involving a large number of upper excited states and simplifies the calculations by reducing the number of atomic levels to only three. We consider a steady-state, non-equilibrium partially ionized argon plasma of average electron energies up to a few electron-volts; thereby, the assumption that the average electron energy is much less than the threshold energy of the fmt excited state (1 1.6 eV for argon) is easily fulfilled. In addition, the electric field is required to be sufficiently weak that it does not influence the shape of the EEDF, which we assumed to be Maxwellian and hence characterized by an electron temperature Te, The results of the TLAM have been applied to the case of a HF discharge in argon for typical working conditions that have already been investigated experimentally by several authors E<,, and B will be considered hereafter as cross sectional average quantities. This approximation allows us to obtain their dependences on the electron number density.
The TLAM has already been applied to atomic hydrogen [9,101 and also to atomic argon [11, 12] . In this paper we develop the model of 1121. In addition, ambipolar diffusion losses and radiative transport calculations are also considered in our paper.
The first theoretical studies on HF discharges were performed for helium and hydrogen, for which the frequency of momentum transfer between electrons and neutral species, U,, can be assumed energy-independent to a good approximation. However, U, in argon depends on the electron energy, which makes it more dif6cult to calculate the energy, average of the relevant magnitudes in the discharge.
We obtain the electron density n, and the first excited state population np as a function of the electron temperature T, for a given set of extemal parameters such as the gas pressure, p , and the radius, a, of the cylidrical plasma column. These results are coupled to an electron power balance for which the effective frequency for momentum transfer u.,-j is evaluated in terms of Te and of the angular frequency o of the HF field. In this way, we can determine two important parameters for the modelling of HF discharges: the intensity of the maintenance electric field, E q f . and the absorbed power per electron, 6 ' . from the HF power source. This paper is organized as follows. Section 2 describes the TLAM used for our study. The electron power balance is formulated in section 3. This balance allows us to evaluate the maintenance electric field in the HF discharges as a function of the discharge parameters. In section 4 we discuss, in terms of the results of section 3, the so-called similarity laws for the HF plasmas. Section 5 presents the conclusions of this work.
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The non-equilibrium kinetic model and results
Because of the particular electronic energy structure of the argon atom, we can use a TLAM for the argon atomic structure to develop an analytical and mathematically easy approach for the HF discharges in the pressure range that has already been mentioned. There is a large energy separation between the ground level (3p6) and the first excited level ( 3~~4 s ) ; also, the energy gap between the atomic upper states and the 4s level is relatively large. The 4s level consists of four states, but, since the energy gap between them is very small, we can assume for simplicity that there is only one state, denoted by 4s. Figure 1 shows the argon atomic structure. adopted, as well as the level notation that we will use from now on: the ground level (s), excited state (p) and the continuum (c).
We present in sections 2.1 and 2.2 the different radiative and collisional processes taken into account in the TLAM.
The ambipolar diffusion loss of electrons is discussed in section 2.3, and in section 2.4 we analyse the nonequilibrium kinetic equations with their possible solutions in the gas pressure range considered. Finally, the rate coefficients for the gain and loss mechanisms of electrons and excited atoms are discussed in section 2.5.
Radiative transitions
We study the radiation transfer assuming the only part of the radiation from the p --t s spontaneous emission is reabsorbed. where Ad and A, are the escape factors for pure Doppler effect and pure collisional effect respectively; Acd is the escape factor associated with the simultaneous presence of both effects @oppler and collisional) and erf(x) is the error function. For the plasma parameters considered in this study, the escape factor A, has an approximate value As we have not considered upper atomic levels, we are neglecting the possible effects that the radiative cascade could produce on the excited state (p). When we study the radiative recombination from the continuum, c, to the states p and s, we assume that all the radiation is lost, so that ACk& = p, s) = 1.
The rate coefficients A,k(k = p, s) are calculated using the analytical fittings proposed by Braun Te (ev)
Non-equilibrium argon plasmas 
Electron collisional processes
We consider only inelastic collisions between electrons and argon atoms (in the states s or p); atom-atom collisions are neglected. ionization and recombination processes are 3P0 and 3P2 states, and to the radiative states 'PI and 3P1.
The total cross section for the excitation of the effective Sn -
level p is an average over the analytical approaches of all k --the cross sections mentioned above.
The cross sections for direct ionization, for ionization from level p. for direct photo-ionization and for photoionization from metastable levels of the excited state are taken again from [12]. AI1 the expressions considered If we assume microreversibility once again, we can write measurements. where g , = 2 and g, are the statistical weights of the electrons and ground state ions (Art), respectively.
Ambipolar diffusion losses of electrons
We again use the fittings proposed by Braun and Kunc The use of effective diffusion coefficients, D,,, allows us to describe the diffusion phenomena of electrons in plasmas from the limit predicted by the free-fall theory of Tonks and Langmuir to that predicted by Schottky's ambipolar diffusion theory. We are concerned here with the Schottky Limit, so we adopt an ambipolar diffusion coefficient D, of the form where pa is the ionic mobility and Tg is the gas temperature. We have not considered metastable diffusion in this work.
Kinetic equations for the three-level atomic model
When the collisional and radiative processes previously commented upon are included in the rate equations for the ground level (s), excited state (p) and electrons, we reach a set of three steady-state nonlinear coupled equations:
We also consider an additional equation for particle number conservation
where n, is the total atom density, which is fixed by the work pressure through Dalton's law
When we solve the set of equations (10)-(13) considering ambipolar diffusion, we obtain n,T, np and ne as functions of T . . 
njk, + n;(A$' -ksp) + n,n.k,
(21) To be physically acceptable, the solution of equation (15) is required to be real, positive and less than n,.
We can obtain two kinds of solutions from the system of equations (10)-(13) depending on whether or not we consider ambipolar diffusion loss. Both types of solutions will be described hereafter as the non-homogeneous solution (NH), considering diffusion, and the homogeneous solution (€I) in which the diffusion tenn is neglected.
For a given pressure (with a neutral gas temperature of 300 K) and an electron temperature T,, in the NH case, two accessible solutions for the steady-state electron density are obtained; consequently, we have two solutions for n, and n,y as functions of the electron temperature. However, in the H case there is a single real steady-state solution of equation (15) and, therefore, only one value each of ne, n, and n, as functions of T . . Figure 2 shows the solutions from equation (15) for n, versus T,, for H and NH cases; it also shows the electron density values associated with thermodynamic equilibrium ("E). In figure 2 we have drawn the solutions, n, as a function of T,, for a gas pressure of 6.0 Torr (Ts = 300 K). In the NH case, the ambipolar diffusion losses have been considered for a cylindrical tube of inner radius 4.5 nun. The NH solution has a bivaluate behaviour within a specific T, range. Then, there are two possible solutions of ne for a single T, value (branches NHI and NH2 in figure 2 ). Depending on whether we analyse the curve above (the NH2 branch) or below (the NHI branch) the bifurcation point (b), two very different kinds of behaviour are detected in the NH situation. In these two branches, the electron density displays opposite tendencies: it grows with increasing T, values in branch NH2 whereas, in contrast, as long as T, grows (in branch NHI), the electron density decreases, reaching a minimum value (that is, there is no physical solution for a larger Te).
In the H case, it is found that, for all the T, range considered, there is a unique solution that grows and approaches its equilibrium value as T, increases. Moreover, there is a minimum value of the electron temperature below which there are no physical homogeneous solutions.
A linear stability analysis has been performed to determine (in the NH case) which of the two physical solutions is really accessible for the plasma. For this, we reduce the system (10)-(13) to only two equations, taking into account the conservation equation ( As one is interested in the stability of a particular type of solution of equations (22) and (23), it is often convenient to study the behaviour of these equations around this particular reference state [noj(t)}, with i = e or p. We may also regard Inoi) as an unperturbed solution that is continuously perturbed by the action of external disturbances or by internal fluctuations ni(t). The latter leads from [n,,i) to the new solution: ni(t) = no; + ni(t).
In this way, it is possible to analyse the linear stability of the particular steady state (noe,n,,,) . To this end, we construct the corresponding linearized system (ii) If for at least one of the roots Reoj > 0 ( j = 1 or 2), then the state (near np0) is unstable.
(iii) If for at least one of the roots Reoj = 0 ( j = 1 or 2), while the others remain negative, the system is stable in the sense of Lyapunov, but not asymptotically stable.
On applying this linear analysis to the H solution of the system (22) and (23), we obtain that it is asymptotically stable throughout the T, range defined. Moreover, the stability analysis shows that the solution NHl is unstable and that the solution NH2 is asymptotically stable. This result shows that we cannot use the solution NHI as an acceptable physical solution of our system, in spite of the fact that the available experimental measurements are pretty close to the NH1 values [7, 8] .
The instability found in the NHl solution may be due to some collisional-radiative gain or loss processes that make the solution unstable when ambipolar diffusion losses are present in the physical system under study. The first candidate could be the collisional recombination processes; however, if we take k, = k , = 0 in the system This simple TLAM allows us to determine that the radiative recombination can make the low-pressure physical solution unstable, when the ambipolar diffusion loss is dominant. In order to eliminate this radiative instubiriry we need to admit that (i) the radiation escape factors are 1896 zero, A, = A, = 0 (the thick plasma approximation) and (ii) n . -n,, >> n,. It is important to point out that, if we admit n, M n,, then the solutions found from the system (26) and (27), for the population densities, are not the same as those solutions given by equations (29)- (31) .
When the gas pressure increases, the role of the ambipolar diffusion loss is reduced; now the mechanisms connected with the collisional and radiative recombinations are the most important. In this situation, we can use the H solution of the TLAM as the stable steady-state physical solution.
From the previous considerations, the plasma seems to display two different and well-defined behaviours connected to two possible regimes: low gas pressure (0.28, 1.1 and 2.8 Torr) and intermediate gas pressure (6.0 and 10.0 TOR). In the first regime, we will use the solution NH1 whereas in the second one the solutions NH1 and H will be used, since at higher gas pressure the accessible physical solution could be the homogeneous one (H) when the ambipolar diffusion losses are negligible.
2.4.1.
Results from the TLAM. Figure 2 shows the NH solution to be formed of two branches, NHl and NH2. The first one has a slight variation with Te and it belongs to a region characterized by a degree of ionization ranging from to IOm3, which is typical of discharges in partially ionized gases at these pressures (0.28-10 Torr).
This solution can be obtained with the analytical formulae (29)-(31).
It is stable and represents the physical solution when the ambipolar diffusion is the main loss mechanism of electrons. We adopt branch NH1 as the solution of the set of equations (10)-(13) for a discharge held in a cylindrical tube of inner radius 4.5 mm and gas temperature T, = 300 K.
Figures 3(a), (b) and (c) show the solution NHl, n, versus Te, for pressures in the range 0.28-10 Torr and for three tube radii, 4.5, 2.5 and 1.5 mm, respectively. We see that T, decreases as p grows and that, for a fixed gas pressure, the electron density values hardly change with respect to Te. For low pressures (0.28, 1.1 and 2.8 Torr), we observe that the smaller the radius is, the bigger Te becomes; however, for the highest pressures (6 and 10 Torr) we see that varies slightly when changing the radius of the discharge column. Figures 4(a) , (b) and (c) show the behaviour of the excited state density, np. as a function of the electron density, ne, for the different pressures and radii considered. The population density of the excited level decreases as the gas pressure grows (decrement of Te), while a tendency towards stabilization is observed, for each pressure, in the zone of highest electron densities. We can also point out that, as happens with the ne values, the variation in the excited level population with respect to T,, for a fixed gas pressure, is qualitatively the same as the ne-T, behaviour shown in figure 3. Figure 4(d) shows, for the intermediate gas pressure (6 and 10 Torr), the first excited state population density H solution values as a function of the electron density. In this case, the population density np always increases with growing ne. Figure 5 shows the so-called discharge characteristic, namely T, as a function of the product n,a. There from the ground level. The depopulating mechanisms of the excited level are presented in figure 6(d) ; here, once more, the processes of interest depend considerably on the part of the electron temperature range at which we look For example, for the smallest temperatures, the step-wise ionization is the dominant depopulating mechanism, whereas, between 1.44 and 1.52 eV, the stepwise ionization and the radiative deexcitation contribute similarly; however, the radiative deexcitation becomes dominant if the electron temperature increases. The losses by superelastic collisions are negligible in this gas pressure range. When we look at the gain mechanisms in the intermediate gas pressure range (6 Torr, H solution), shown in figure 6(e), we find that the relative importance of the different processes changes with the electron temperature. The main populating process of the excited state, for the lowest temperatures, is the collisional excitation from the ground level. Within a reduced temperature range (1.0-1.2 eV), the previous process and the threebody recombination to the excited state have approximately the same value; however, for higher temperatures the threebody recombination is the one which populates the excited level. In figure 6(f) the depopulating processes of the excited level are analysed in the intermediate gas pressure range. For the smallest temperatures the radiative losses prevail, whereas, in the intermediate temperature range, the radiative and collisional losses are equally important ( d e excitation to the ground level and two-step ionization). For higher temperatures the collisional ionization losses become very important in depopulating the excited level. 25. Gain and loss processes 2.5.1. The electron density. We have already explained that we distinguish between two totally different situations in the behaviour of the discharge. One is in the regime of low gas pressure, within which the electrons are mainly lost by ambipolar diffusion, and the other one is the regime of intermediate gas pressure, within which the losses by ambipolar diffusion are not considered. In this section we are going to analyse the gain and loss mechanisms of the population densities, electrons and the first excited state, in the two gas pressure regimes previously reported. We begin by analysing the mechanisms associated with the electrons. Figure 6(a) shows, for the case of 1.1 Torr (the regime of low gas pressure, within which the nonhomogeneous solution NHl of the TLAM is used) and for a cylindrical tube of inner radius 4.5 mm, the processes that cause an increase in the electron population density as a function of the electron temperature. We see that the populating processes change strongly depending on the electron temperature range considered. On the left-hand side of figure 6(a) (lowest temperatures), stepwise ionization (two-step ionization) process is the most important but as the temperature increases, direct ionization becomes much more significant. Moreover, there is a very well-defined zone (1.44 eV 5 T, 5 1.52 eV) within which both processes have very similar values. It is worthwhile to keep in mind that, under the conditions of ligure 6(a), within the low-pressure range, the ambipolar diffusion mechanism is the only one that causes loss of electrons. Figures 6(b) and (c) show, for a pressure of 6 Torr, the different populating and depopulating mechanisms acting on the electron density. Now the homogeneous solution H has been used. In figure 6 (b) direct ionization dominates for small values of Te, but it becomes negligible for the highest temperatures. There is also now a nmow T, range (0.7 eV 5 T, 5 0.8 eV) within which the two processes contribute in similar proportions. Figure 6(c) shows the depopulating processes, whereby, for the smallest T, values, the electron losses are mainly due to radiative recombmation; however, collisional recombination is more important at higher temperatures.
Excited state density.
In this section, we are going to study the gain and loss processes affecting the population density of the first excited state within the lowpressure range (1.1 Tom, solution NHI). The excited level is mainly populated through collisional excitation
The electron power balance for a HF plasma
In this section, we apply the TLAM results to an electron power balance from which we can determine two important characteristics for the modelling of HF discharges, namely the intensity of the maintenance electric field and the absorbed HF power per electron. Independently of the plasma power source, the plasma properties are mainly due to charged particles and to their energy loss mechanisms.
The power balance per electron expresses a relation between the maintenance field, e p f J 2 = &rms, the root mean square of the total field intensity, and the power lost by an average electron as a result of collisions of all kinds, 8'. It can be shown that er. is given by e, = e, , + e, f e; "*! -k e,a*
(32)
where the terms on the right-hand side represent the average power lost per volume unit due to electron diffusion processes, elastic and inelastic processes (excitation and ionization) and radiative losses, respectively. On the other hand, the mean power transfer per electron, ea, is the average work done by the force exerted by the electric field on an electron over a period of oscillation (it is thus the power absorbed from the field per electron) and can be written as 
where u, q is the real part of the complex electric conductivity. Then we can write 6, = e L =e. 3.1. The effective collision frequency for momentum transfer and loss of electron power
To write the average power gained by the electrons from the HF power source, we must consider that the characteristics of electromagnetic waves (EW) in a gaseous discharge are generally studied under the assumption that the environment in which the EW propagates is characterized by two parameters: the electron plasma frequency q, = [ n , e z / ( m~o ) ] ' / 2 and the effective collision frequency for momentum transfer, ue,y. Concerning wave propagation, the plasma can be described as a dielectric with a complex permittivity given by
(35)
where U is the complex conductivity J Cotrino and F J Gordillo-Vgzquez and 6 = mv2/(2e) is the electron energy in electronvolts, 60 is the free-space complex permittivity and j is the imaginary number J -1. 
We can see from equations (44) and (45) that, given the experimental parameters, p (for given values of n, and Tg) and a, vef, and ne/! are functions of T, and w as long as the EEDF is Maxwellian. In the DC case, the corresponding expressions for U, veff and 0 are similar to equations (39), (49) All terms in equation (32) are evaluated in electron-volts per second. Equation (32) allows us to determine 6' and Ee// once the nonlinear T L M for the argon atom has been solved for a given set of parameters, p (for given values of n, and T,) and the radius of the discharge column.
The quantities Ee/f and 0 are usually called discharge characferistics. In HF discharges, it is much easier to measure 0 than E,//. although the opposite is true in the positive column of DC discharges. We must note, to be accurate, that the total electric field affecting electrons is 
Similarity laws at low pressures
It is well known that E , f f / n . and Bfn. are, under certain conditions, unique functions of n,a, defining what is called a similarity law. As we can see from figure 3(a), a large electron density change occurs over a narrow interval of electron temperature. We can use this fact to represent the discharge characteristics, for a given set of experimental parameters (a. p (or nu) and Ts), through an average value of the electron temperature T, (and hence an average value of ne and nr). We now have a single value of the discharge characteristics E , f f / n . and Bin, for each value of the gas pressure (or na). whereas, for larger pressures, a certain dependence on the electron density is observed. In the same way, figure 9(c) and (d) show that, in thelow-pressure range, the effect of the excitation frequency tends to disappear.
Generally, we observe that E<,-fffln. and elno grow with increasing o for a given pressure and tube radius. It is also interesting that the effect of the excitation frequency o on these discharge characteristics becomes more important at larger pressures.
When we consider the H solution of the TLAM to obtain an average value of E e f f / n o and @/nu in the regime of intermediate gas pressure, we have a very wide range of electron density, so the average value depends strongly on the electron density range considered. To take a similar range of electron density to that used with the solution NHl (this is approximately the experimental range of electron density found in HF discharges, in the gas pressure range considered), we choose those electron density values (in the H branch) that remain under IOl4 In this case, the discharge characteristics have smaller values than those obtained in the case NHl, and the similarity laws no longer exist.
Conclusions
We have shown that the excitation frequency o of HF discharges has an important influence on the plasma properties. For example, the HF power density delivered to the plasma usually grows with increasing w. In the same way, the maintenance electric field needed to compensate the gain and loss mechanisms inside the discharge becomes larger with increasing o. These results have been obtained using a set of nonlinear kinetic equations associated with a three-level model for the atomic structure of argon. The results are given for the low and intermediate gas pressure ranges. The TLAM is a simple collisional-radiative model, having the advantage that the electron density and the first excited level density can be obtained as a function of the electron temperature when solving analytically a nonlinear set of equations in two different situations; namely when the ambipolar diffusion losses are present in the discharge (the regime of low gas pressure) and when these losses are negligible (the regime of intermediate gas pressure). In thi s model, as in [18], the electron density is an unknown and not a parameter as is commonly assumed in other models, so we obtain the electron density and the first excited level density as a function of the electron temperature and gas pressure. When we couple the TLAM solutions, assuming a Maxwellian EEDF, to an electron power balance of a HF discharge, we can find the discharge characteristics and their dependences on T,, ne and np at different pressures.
The discharge characteristics have a very slight variation with the electron density, this being a demonstration of the existence of the well-known similarity laws in HF discharges in the regime of low gas pressure.
